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SUMMARY

The topographic accuracy of the AN/APQ-102(XA-2) side-looking
radar and its specific applicability to 1:50,000 and 1:250,000 scale
topographic mapping were tested using stereo radar techniques with real
data. The two basic stereo configurations, opposite-side and same-side,
were tested under various conditions relating to the data reduction
technique, control, and image coordinate weighting. Also tested was

the geometric fit of each individual radar record to the established
ground control.

Although original plans called for a test area 25 nautical
miles long by 4 nautical miles wide, shortcomings in the data actually
acquired led to adoption of a much smaller test area. Moveover, lack
of certain collateral data, such as range marks and time marks, required

development of a special reduction technique based upon ground control
in the test area.

Photogrammetric aerotriangulation of aerial photography flown
simultaneously with the radar provided a means of defining the flight
path. Ground points in the test area were also aerotriangulated, and
used as control and as the standard for measuring radar accuracy.

The test results were surprisingly good, with the opposite-
side stereo configuration providing the better accuracy. Average root
mean square (RMS) values of 7.7 meters, 12.1 meters and 13.2 meters in
X (across-track), Y (along-track) and Z (elevation), respectively, were
obtained for the opposite-side case; corresponding RMS values of 9.5 meters,
20.0 meters and 16.7 meters were obtained for the same-side case. Results
from fitting the individual radar records to the aerotriangulated positions
also demonstrated excellent geometric fidelity in the radar imagery.

Although based upon limited data, the test results indicate
that the AN/APQ-102(XA-2) radar, using stereo techniques, has much pro-
mise for all-weather, day-night mapping at scales of 1:50,000 and 1:250,000.
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FOREWORD

This research was undertaken by the Autometric Operation
of Raytheon Company. It was supported by the Advanced Research Projects
Agency of the Department of Defense under ARPA Order No. 1229, and it
was monitored by the U.S. Army Engineer Topographic Laboratories under
Contract No. DACA76-69-C-0002, dated 12 March 1969.

This final report covers the period from March 1969 to April 1970.
During the first months of the project, the Government was represented
by Mr. Boyd E. Newman of the Engineer Topographic Laboratories. Later,
the duties of Government Project Engineer were assumed by Mr. Frank
Klimavicz, also of the Engineer Topographic Laboratories.

The project's Principal Investigator was Dr. Gordon Gracie of
Autometric/Raytheon. Messrs. Eldon D. Sewell and Harl Hockeborn acted
as in-house project consultants. Other Autometric/Raytheon personnel
taking responsible part in the investigation were Messrs. Ronald K. Brewer,
John W. Bricker and Robert A. Johnson.
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1, INTRODUCTION

1.1 Background

Development of an all-weather, day-night mapping capability
has long been a desired goal of the military mapping community. How-
ever elusive this particular capability may vet be, it is most likely
to be achieved through use of side-looking airborne radar (SLAR). One
radar system, the APQ-97(XE-1) high-resolution SLAR, has already been
successfully applied to 1:250,000 scale topographic mapping of Darien
Province, Panama, a perpetually cloudbound region of the earth.

After several generations of SLAR developr nt, there are now
available a number of coherent side-looking radar syst=2ms which show
much promise for all-weather, day-night mapping applicacions. The
AN/APQ-lOZ(XA-Z) radar is one such system, and its application to
medium and large scale topographic mapping, using stereo radar tech-
niques, is the focal point of this investigation.

Many studies have already been undertaken to determine the
theoretical feasibility of radar mapping. Radar image geometrv and its
differences from that of the central proiection, error propagation,
optimum flight line geometry, radar parallax, and equipment for stereo
radar mensuration are some of the topics which have been recentlyv in-
vestigated to give insight into the radar mapping problem. Little,
however, has been done in the way of practical testing of real radar
data in order to determine actual accuracy and develop useable techniques
for data reduction. It is this particular aspect of the radar mapping
problem which is addressed in this investigation,

This project was originally designed in anticipation of pro-
curing a complete set of real data for investigation of mapping accuracies
attainable from AN/A?Q—lOZ(XA—Z) radar imagerv under stereo conditions.
Shortcomings in the data acquisition phase of the project resulted in
an incomplete set of data which necessarily altered the course of the
investigation. Followine is a brief resume of the project's early
historv.

Effective date of contract was 12 March 1969. The original
project plan stipulated SLAR imagery of a test area comprisea of flat,
rolling and mountainous terrain, to be acquired by the Government as
soon as possible after contract ‘nitiation. In addition, vertical aerial
photography, flown simultaneously with the radar, and also separately
over the test area, was to be provided. This photographv was to be
taken with a cartographic camera, and some means was to be provided for
time-correlating the simultaneous photography to the radar record, In
April 1969, Autometric learned that much of the supporting data expected
as input for the investigation would not be available. Specifically,
there would be no time marks or range marks on the radar record, and no
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correlating data between the cartographic camera exposures and radar
record. Autometric was also notified by the Government that the test
material would not be made available until after 1 June. The project
work plan was revised to reflect the expected changes.

On 20 May, the Government Project Engineer requested Autometric
to stop work on the project because of delays in data acquisition and
uncertainty as to the nature of the data to be provided. Autometric
agreed to this request, and no further work was done until 18 September,
when the radar imagery and supporting data were finally received from
the Government. A further revision of the project work plan was then
made to accommodate the actual data, as received, and the contract
expiration date was extended to 12 May 1970, in accordance with the de-
lay experienced in receiving the data.

The incompleteness of the acquired data made it quite evident
that some "bootstrapping" would have to be done to establish the missing
information. Although it was expected that such "bootstrapping" would
affect the results (and perhaps their validity) to some extent, it was
believed that useful information could still be derived from the inves-
tigation. The actual results later obtained indeed bore this out,

1.2 Objective

The objective of this investigation is to determine the
accuracy with which topographic map information can be extracted from
specific stereo imagery obtained from the AN/AP0-102(XA-2) radar, and in
particular to determine the applicability of the AN/APO-102(XA-2) radar
to 1:50,000 and 1:250,000 scale topographic mapping.

1.3 Test Material

Radar imagery and supporting .crial photographv vere acquired
by the 4416th Test Squadron of the USAF Tactical Air Peconnaissance
Center (TARC), located at Shaw Air Force Base, South Carolina.

The or ginal flight plan specified coverage of a target area,
25 nautical miles long by 4 nautical miles vide, in the locality of
Atlanta, Ga.; Chattanooga, Tenn.; or Knoxville, Tenn.; the final area
selection being dependent on weather and air space availability.

Data acquisition was to be conducted in two parts under the
following specifications:




Part 1: High Altitude

Sensors: AN/APO-102 (XA-2) Side-Looking Radar
KC-1B Mapping Camera (stabilized)
KS-72 3-inch Vertical Camera
Altitude: 30,000 feet Above Ground Level (AGL)
Airspeed: ° 420 knots

SLAR Mode: 3 (optimum side)

Offset: 6 nautical miles (NM) from near edge of target area.
Passes: Two passes on each side of the target in race track
pattern,

Part 2: Low Altitude

Sensors: Same as Part 1
Altitude: 5,000 feet Above Ground Level (AGL)
Airspeed: Same as Part 1

SLAR Mode: Same as Part 1

Offset: 6 nautical miles (NM) and 8 nautical miles (MM) from
near edge of target area,

Passes: Two passes at each offset distance on one side of
the target area.

In addition, one aerial photographic run at 5,000 feet AGL and 420 knots
was planned over the target area centerline, using onlv the KC-1B and
K§-72 cameras (i.e., no radar).

The flight plan was amended to include one additional mission,
a pass flown at 30,000 feet AGL and 420 knots, offset 18 NM from the
near edge of the target area, and operating in SLAR Mode 4,

The flight configuration, as planned, is shown in Figure 1.
General instructions required that all passes be parallel (within one
degree) with each other and with the centerline of the target area, and
that cloud cover be 10% or less.

The area actually flown for the test was the one located near
Atlanta, Georgia, as shown in Figure 2. Radar imager:; and aerial
photography for Sorties 08-61, 08-75 and 08-212, flown on 8 August,
11 August and 26 August 1969, respectively, were supplied for the in-
vestigation,
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Generally speaking, the flights followed the flight design
given in Figures 1 and 2 fairly well. The only significant departure
from the plan related to the photography-only flight made directly over
the target area. This pass was flown at high altitude, rather than at
low altitude as originally planned, probably to ensure adequate lateral
coverage of the target area with the KC-1B camera.

1.4 Scope of the Investigation

This investigation is essentially a test of the mapping
accuracy of the AN/APQ-102(XA-2) side-looking radar, using real data
taken under real flight conditions over a prescribed target area. The
test not only includes evaluation of planimetric accuracy but also
€levation accuracy as well under stereo radar conditions. The two basic
stereo radar configurations (opposite-side and same-side cases) are
considered,

An essential prerequisite for the test is development of a
suitable procedure tailored to handle the test material actually ac-
quired. Development of the test procedure, along with performance of
the test itself, is included within the scope of the investigation.

The project is divided into the following ten tasks:

Task 1: Inspection, Evaluation and Selection of Test Material.

Task 2: Design of Test Procedure.

Task 3: Mathematical Analysis and Programming.

Task 4: Radar Mensuration.

Task 5: Aerotriangulation of Photography Flown Simultaneously With
Radar.

Task 6: Aerotriangulation of Photography of the Test Area.

Task 7: Radar Data Processing.

Task 8: Analysis of Results,

Task 9: Preparation of Interim Technica. Report,

Task 10: Preparation of Final Technical Report.

Tasks 1, 2 and 3 are directed toward development of a suitable
test procedure. Task 1 assesses the qudntity, quality and completeness
of the material provided for the test, and selects a specific test area;
Task 2 designs the test procedure on the hasis of information found in
Task 1; and Task 3 implements the design by developing the necessary
software,

Tasks 4 through 8 perform the test. Tasks 4 through 7 are
accomplished in accordance with the test procedure developed in Tasks 1,
2 and 3; and Task 8 analyzes the test results.

Tasks 9 and 10 document the work. The Interim Technical Report
was prepared in February 1970, following some initial test results, The
Final Technical Report, this report, documents the entire investigation,
including the work described in the Interim Technical Report.

-6-
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2. INVESTIGATION

2.1 Inspection, Evaluation and Selection of Test Material (Task 1)

This task was necessarily the first to be accomplished, since
design of the test procedure was heavily dependent upon the quality,
quantity and completeness of data provided. Upon receipt of the radar
imagery, vertical photography and other supporting information, the
records were inspected closely and organized as to content to aid in
the selection of specific mzterial for the investigation.

Initial inspection of the data directed attention to several
problem areas which might at least hinder, if not directly affect, the
results of the investigation. Specifically, for the KC-1B vertical frame
photography taken simultaneously with radar coverage of Sortie 08-61:

a) The film was badly fogged, apparently in the developing
stage, to the extent that much resolution was lost,
totally in some areas.

b) No camera calibration data were supplied for the camera
used (KC-1B-Lens Cone No. 316). As a result, no compen-
sation could be made for film distortion, and a fictitious
set of master fiducial coordinates would have to be de-
duced from comparator measurements in order to make
possible the transformation from comparator readings to
plate coordinates.

c) Only three fiducial marks were imaged on each frame, and,
of the three, one was a partial image of irregular shape.

d) Cloud cover was considerably higher than the normally
accepted limit.

e) Trees were in complete foliage, creating difficulties in
point selection and identification.

f) Frame spacing was irregular, ranging from about 400 meters
to over 6000 meters (Approximately 95% endlap to 60% end-
lap).

g) The frame clock was not running.

Radar imagery was judged to vary from good to poor, having in-
consistent resolution from one strip to another. Most resolution problems
were associated with image streaking, image fading, or overall poor
contrast. The absence of time marks and range marks on the radar imagery
indicated special problems which would have to be dealt with in the design
of the test procedure.




A specific objective of Task 1 was selection of a test area
and corresponding radar and frame camera imagery to be used in the in-
vestigation. The flight plan (Figures 1 and 2) presented several possi-
bilities in forming radar stereomodels of the test area. All possible
configurations were examined, and one radar stereomodel was chosen for
each of the two general cases (opposite-side and same-side) of stereo
radar geometry.

The opposite-side case chosen (See Figure 3) consists of two
passes offset six nautical miles to either side of the target area,
both at an altitude of approximately 32,000 feet AGL (Actual flight altitude
was higher than planned). This configuration is geometrically the
strongest available, giving range intersection angles of about 105°
throughout the target area. The two flights comprising the same-side
case are offset six and eighteen nautical miles to one side of the
target area (Figure 3), both at an altitude of approximately 32,000
feet AGL (again, slightly higher than planned). This combination was
thought to offer the best visual stereomodel of those available. The
low altitude radar imagery was dropped from consideration because of
its poor quality.

The opposite-side case was designated Stereo Radar Model I;
the same-side case, Stereo Radar Model II. The specific test area
selected is a rectangular strip, approximately 5 miles long by 3 miles
wide, shown in Figure 4. The specific radar records which were selected
are:

(1) Sortie 08-61, Pass 3, Channel A.
(2) Sortie 08-61, Pass 4, Channel B.
(3) Sortie 08-61, Pass 5, Channel A.

For sake of brevity, these records will he referred to simply as Passes
3, 4 or 5, or as Strips 3, 4 or 5. They are shown in Figure 3.

Passes 3 and 4 make up Stereo Radar Model I (opposite-side
case); Passes 3 and 5 make up Stereo Radar Model 11 (same-side case).

The original plan anticipated using the entire target area
for the test. However, in view of the inconsistent quality of photog-
raphy and radar imagery, it was decided to confine the test to a small
area where the radar image quality, at least, was as good as possible,

The displacement of the centerline of the test area with ;
respect to the target area, very apparent in Figure 4, is caused by
using only one channel of each pass. Both channels. side by side, cover
a swath somewhat wider than the target area. ‘

KC-1B vertical frame photography, taken simultaneously with
the selected radar passes, was indexed to USGS Topographic Maps. 1In
addition, a two-frame model of vertical photography covering the test
area was identified and selected from Sortie 08-212. The KS-72 frame
pliotography did not have to be used.

AR L e
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2.2 Design of Test Procedure (Task 2)

The original test approach presumed that each radar record
would have range marks in the across~-flight direction and time marks in
the along-flight direction to permit direct recovery of slant range and
time from the record with minimal error. Furthermore, it was assumed
that precise times of exposure of the cartographic camera, operating
simultaneously with the radar, would be suitably indexed on the corres-
ponding radar record to permit direct correlation between photography
and radar imagery. Data reduction could then proceed in an orderiy
manner; that is, the camera air station positions could first bhe deter-
mined, then the radar air stations could be interpolated from the camera
stations with aid of the recorded time marks, then the slant ranges could
be extracted directly from the radar record, and finally, the ground
positions of the test points could be intersected,

Since the actual radar imagery which was received had neither
range marks, nor time marks, nor any index marks to correlate the carto-
graphic camera exposures to the radar imagery, an approach different from
that just described had to be adopted. Specifically, it was necessary
to introduce an artificial time scale and make use of ground control
located in the test area. The ground control points have known ground
positions, and are also imaged on the radar records. This provides a
tie between the radar records and the ground, in much the same way that
ground control ties aerial photography to the ground in an aerotriangu-
lation.

Information derived from the ground control can be used to
locate the radar air stations along the flight path and to calibrate the
radar range measurements. In this particular approach, the camera air
stations serve only to define the flight path, independent of time. 1In
other words, without any correlation between camera exposures and radar
record, radar air stations cannot be time~interpolated between the camera
stations; instead, the ground control is used to locate specific radar
air stations along the flight path, from which the remaining radar air
stations are interpolated.

Once radar air station positions and slant ranges have been
found, intersection of the test points proceeds as in the original ap-
proach.

The specific steps taken are now outlined:

1. Lay off a reference line at the side of each radar
image strip (Figure 5). This line can be defined
by two finely marked holes (reference points) in
the emulsion. The reference line serves as the
t-axis of the radar image; the r-axis is defined to
be perpendicular to the t-axis and to pass through the
first reference point.

~11-
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2. Select and mark a number of points which are identi-
fiable in each radar image strip and in the test area
photography. Select several of these points as con-
trol points; the remaining points are used as test
points.

3. On each radar image strip, measure the (x,y) coordi-
nates of all points (control points, test points,
and the points defining the uference line) with a high-
precision comparator.

4. Transform the image coordinates of all points to the
(r,t) plate coordinate system. The r-coordinates are
uncalibrated measures of slant range; the t-coordinates
serve as artificial measures of time.

5. Aerotriangulate the photography flown simultaneously
with the radar to obtain the camera station positions
in space.

6. Aerotriangulate the test area photography to establish
the ground positions of the control points and test
pcints within the test area.

7. Interpolate the triangulated camera station positions
to obtain the flight path in space for each radar pass.

8. Locate the zero-Doppler line for each control point.
Then locate the position of the radar air station on
the flight path at the base of the zero-Doppler line.
(Note: for a specific point on the ground, the zero-
Doppler line is perpendicular to the flight path and
passes through the point, as shown in Figure 6, The
radar air station is considered to be located where
the radar actually was in space at the moment it was
looking at the point along the zero-Doppler line).

9. Determine the slant range for each control point, using
thke known ground and radar air station coordinates.
At this point, in addition to the given ground coordi-
nates, the following data are known for each control
point:

(a) Radar air station position.

(b) Slant range.

(c) The t-coordinate ("time"), and the i
r-coordinate,

AR

10. Calibrate the r-coordinates of the control points
against their known slant ranges. The calibration
curves, one for each flight, can be represented

-13-
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graphically, or analytically by a polynomial function.
This, in effect, substitutes for the range marks.

11. Construct for each flight an ephemeris of radar air
station positions in terms of the artificial time scale.

12. Using the slant range calibration curves, determine the
slant ranges for all test points from their r-coordinates.

13. Interpolate the radar air station position for each test
point, using the t-coordinate of the test point and the
ephemeris constructed in Step 11.

14, Intersect the position of each test point, using the
computed radar station positions and slant ranges from
each of the two flights comprising the stereo configura-
tion. Note that Steps 1 through 13 deal with each flight
separately. Step l4 finally merges together the data
from both flights.

15. Compare the intersected positions of the test points with
their positions established by aerotriangulation in Step 6.

Steps 1 through 4 are the essential ingredients of Task 4
(Radar Mensuration). Step 5 corresponds with Task 5 (Aerotriangulation of
Photography Flown Simultaneously with Radar), and Step 6 corresponds with
Task 6 (Aerotriangulation of Photography of Test Area). Steps 7 through
14 are performed in Task 7 (Radar Data Processing), and Step 15 is included
in Task 8 (Analysis of Results).

2.3 Mathematical Analysis and Programming (Task 3)

The salient features of the mathematical analysis and program-
ming for Task 7 (Radar Data Processing) are presented in this section.
More detailed mathematical formulation is given in the Appendix of this
report.

Section 2.3.1, which follows, is essentially Step 7 of the
Test Procedure; Section 2.3.2 combines Steps 8 and 9; Section 2.3.3 is
Step 10; Section 2.3.4 is Step 11; and Section 2.3.5 combines Steps 12, 13
and 14.

2.3.1 Interpclation of Flight Path

Camera station positions along the flight pach can be estab-
lished by photogrammetric aerotriangulation. Other points on the flight
path can then be located by interpolation between successive camera sta-
tions. The camera station positions and interpolation functions thus de- ]
fine the flight path in space. :
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Inspection of the particular test material to be used in this
study already revealed considerable irregularity in camera station spacing
(see Section 2.1, Item (f)), with some intervals between successive
camera stations extending more than 6000 meters (Figure 11, appearing
later in Section 2.5, shows the irregular camera station spacing). It
was felt that the excessive separation between camera stations did not
justify use of anything other than linear interpolation between successive
stations. Thus, the flight path was defined by a set of line segments
connecting successive camera stations.

2.9 52 Determination of Radar Air Station Pnsitirn and Slant Range
for Each Control Point

It is assumed that the cartographic camera and radar antenna
are located at essentially the same position in the aircraft; that is,
there is negligible physical displacement between the camera and antenna
center. Hence, the flight path defined bv the camera stations is also
assumed to be the flight path of the radar.

Once the radar flight path has been defined. the radar air
station for each control point can be located. This is done by construc-
ting the control point's zerc-Doppler lire; that is, a iline perpendicular
to the flight path and passing through the control point (Figure 6). The
base of the perpendicular locates the position of the radar, the radar
air station, at the time the control point was imaged on the radar record.
(Actually, the radar imaging process for a ccherent system is more in-
volved than what this simple geometrical model indicates in that the
radar is really collecting an extended phase history of the control point
as the aircraft travels over a sizeable portion of the flight pathk. How-
ever, subsequent construction of the radar image in a correlator-processor
is done in such a way that the control point can be taken as viewad simply
along the zero-Doppler line.)

The radar air station position ‘X_, Y s Z2_) is obtained by
’ . R R R -
solving the following three equations:

alXp = Xp) + B = Y) + y(zy = 2)) = 0 (1)
_ a _

Xp = X, +§ (Y, - ¥) (2)
= Y, -

bR U 4yt p Wy - ) (3)

in which a, B and Y are the direction numbers of the flight path segment
in which the radar air station lies; Xo’ Y, and Z, are the coordinates
of the camera station which initiates the flight path segment; and

X1> Y7 and Z; are the ground coordinates of the control point.
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If the zero-Doppler line is taken normal to the ground track
of the flight path, rather than to the flight path itself, the third term
of Equation (1) is eliminated first before solving for the radar air
station position. For a nearly level flight path, there should be little
dif ference between using the flight path or ground track, because for this
situation Yy is already very small.

Once the position of the radar air station is known, the slant
range (SRI) to the control point can be computed:
1
SR = - 2 _ 2 _ 2%
1 = L& = X)) + (Y - Y)) + (Zg - 2)°) (4) .
Slant ranges computed for several control points will be used
to determine the slz2nt range calibration function.

2.3.3 Slant Range Calibration

It is assumed that a preliminary transformation (Step 4 of the
test procedure outlined in Section 2.2) has first been made to put all
image coordinates measured in the comparator (x,y) coordinate system into
the plate (r,t) coordinate s, .tem defined by the reference points (Figure
5). If the reference points have beea carefully chosen, the r-coordinate
will be essentially an uncalibrated measure of slant range. However, to
account for any error in the direction of the selected reference line, a
new coordinate system (R,T) is introduced, Figure 7, in which the T-axis
makes a small angle 6 with the t-axis. All points on the T-axis are pre-
sumed to have the same slant range, and the R-coordinates can then be
directly related to slant range. Finding 6, of course, is an added re-
quirement.

The plate coordinates, RI and T., of the image of point I are
related to the plate coordinates r; and tI by the following equations:

r. cos J + t sin 6 (5)

K I I

I

TI = t; cos 6 - r; sin 3] (6) .

Now the slant range, SR_, for point I is assumed to be a
second-order polynomial function oE the R;-coordinate; that is,

= 2
SRI ASR + BSR RI + CSR RI (7)

Inis 1s an empirical relationship, but, nevertheless, a realistic one.
The constant term, Agp» 1s the slant range for points whose images lie right
on the T-axis; the coefficient Bgr 1s a scale factor, relating distances

measured along the R-axis to corresponding slant ranges; and the coefficient
Cgr accounts %or any linear variation, hopefully small, in the scale across

the radar record.
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Slant range calibration can he accomplished by fitting the
polvnomial (Equation (7)) to data obtained for control points imaged in
the radar record. The fit is best made using the method of least squares,
which, in addition to the polynomial coefficients Agp, B.. and C » also
solves for the unknown rotation angle, 6. The form of °" the ““condition
equations used in the least Squares solution is obtained by substituting
the right-hand side of Equation (5) for R1 in Equation (7); thus,

= : v 2
SR ASR + BSR(rI cos 0 + t; sin 6) + CSR(rI cos 6 + t_ sin 6) (8) .

I I

Once the parameters (Agp, Bgry, Csgp and 8) of the calibration
have been determined for a particular radar record, slant ranges for all
other points imaged and measured (known rr and t;) in the record can be
obtained using Equation 8. In particular, the sIant ranges for the test
points can he computed. However, this computation is not actually made
at this time. Instead, it is incorporated into the least squares inter-
section computation which follows later.

If the radar exhibits stability in the display of slant range
(i.e., the coefficients BS and C remain almost constant from one record
to the next), information ?rom " two or more records can be combined to
determine common values for B y and C,. The other parameters, ASR and 6,
must still be evaluated for each individual record, however, since they

depend upon selection of the reference points, which is somewhat arbitrary.

2.3.4 "Time" Correlation

A necessary step in the data reduction is correlation of the :

radar air station positions with the radar record. More specificallv,

functions must be obtained which can be used to determine the radar air

station positions from measured image coordinates on the radar record.

Radar air station positions have already been determined for the control

points. Furthermore, these points have been identified and measured on

the radar record. Thus, a positive relationship between the radar record

and the radar air stations can be established through the ground control,

The T-axis defined in Section 2.3.3 can be regarded as an
"improved" time axis, in the sense that it is an improvement ovei the
t-axis defined by the arbitrarily selected reference points, The
T-coordinates are still artificial measures of time, though, since no real
time was actuallv recorded during operation of the radar. However, it is
really immaterial whether the T-coordinates are real or artificial
measures of time, since all that is needed is an independent variable for
interpolation of the radar air stations. Conveniently, the plate coordi-
nate, T;, is selected as the independent variahle, and interpolation of
radar air station coordinates can be done using the following "time"
polynomials:

N
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= i 2
Xg Ay + By Tp + G Tp% + .o, (9)
I
= £ 10
YRI AY+BYTI+CY "+ ... (10)
= 2 11
zRI AZ+BZTI+CZTI + ... (11)
in which XR 3 YR . ZR are the coordinates of the radar air station for
I [ I

the Ith ground point; and AX, BX, CX’ AY, BY, Cy, Ay, Bz, Cz, etc., are
polynomial coefficients which have to be first evaluated,

Evaluation of the polynomial coefficients can be accomplished
by fitting the time polynomials to known data (XR » Yoo, Zp. and TI) for
the control points. A separate set nt I I I
coefficients is found for each flight segment, using the method of least
squares. Because each flight segment is a straight line, the A-coefficients
are necessarily related in accordance with Equations (2) and (3), as are
the B-coefficients, C-coefficients, and so on. Furthermore, if the ratio
of aircraft ground speed to radar data film speed is constant, second and
higher order terms in the "time" polynomials are zero, and the interpola-
tion of radar air stations along the flight path is linear with respect
to TI'

Once the polynomial coefficients have been found for each .
flight line segment, the radar air station position for any test point
can be computed using the time coordinate, Ty, of the point's image on the
radar record. However, as with the point's slant range, this computation
is not actually made at this time, but is incorporated into the least
squares intersection computation which follows.

2.3.5 Intersection Geometry

If, for any given test point, the direction of flight, slant
range and radar air station position are known, or readily determinable,
for each of two radar flights making up a stereo radar rodel, the position
of the test point can be intersected in space. Computation of all data
necessary for the space intersection has already been dealt with in
Sections 2.2.1 through 2.3.4, and so these data are r.ow presumed to be
available, '

For any test point, I, imaged in the two radar records making
up the stereo radar model, four equations can he written expressing slant
range and zero-Doppler conditions for the point's intersection. Specif-
ically, for the first radar record:
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2 2 2.5
[x] - )"+ (g - Ye )0+ (2 -2 )*17 = SR (12)

1 T
a (X, - XRI) + B, (Y - YRI) + Y, (2 - le) =0 (13) ,
and for the second radar record:
(X, =X, )2+ (Y, =Y. )2 + (2 -2)2]1”2=SR (14)
1 R, I R, 1 R, I,
a, (X, - XRz) + B, (Y, - YRZ) * Y302 = sz) =0 (15) .

In these equations, XR s Y and Z are *he coordinates of the first

1 R1 Ry
radar air station (pertaining to the first radar record), and X, , YR
and ZR are the coordirates of the second radar air station: 2 2
2

@ , By and Y, are the direction numbers of the first flight path

(pertaining to the first radar record), and 0, , 82 and Y, are the

direction numbers of the second flight path;

SRy 1is the slant range to I from the first radar air station, and SRI2
1

is the slant range to I from the second radar air station; and XI’ YI
and ZI are the unknown ground coordinates of I.

Lauations (12) and (14) express the slant ranges between
radar air station R; and test point I, and radar air station R2 and I,
respectively, in terms of the object space coordinates of the points.
Equations (13) and (15) express the orthegonality of the flight paths and
the corresponding zero-Doppler lines in terms of direction numbers.

Since four equatiuns are used te solve for the three unknown
coordinates (XI’ W 5 ZI)’ a least squares solution is employed. 1In this
solution, the plate coordinates, RI and TI’ implicit in the slant range
and in the radar air station coordinates, are taken as the observations.
Equations (7), (9), (10) and (11) are thus included with FEquations (12)
through (15) to form the condition equations of the least squares solu-
tion. By setting up the condition equations in this manner, prior compu-
tation of slant range and radar air station coordinates is not required.

It might be noted at this point that two positions of inter-
section can be obtained for each test point, since each pair of equations
((12)/(13) and (14)/(15)) defines a circle in space, and the two circles
thus defined by all four equations can intersect at two points. In
practice, this ambiguity presents no problem so long as reasonably good
estimates of XI’ YI and Z_ are given in the first place to initiate the
least squares solution.
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2.3.6 Error Propagation

A useful feature of the least squares solution is provision
of a model for Propagating errors in the observed quantities into the
final results. The error propagation model is derived directly from the
inverse of the coefficient matrix of the normal equations coanstructed
during the course of the least squares solution. In the case at hand,
measures of precision for the computed ground coordinates, X1 Yis Z0,
can be obtained from the least squares intersection, based upon precisions
of the image coordinates, RI and T;.

The meastres of precision for X » Y. and Z_ are necessarily
dependent upon the preci:ions assigned R; and T;. HenCe, the assigned
precisions should be as realistic as possibl» to make any sense out of the
results,

The least squares intersection solution assumes that the slant
range calibration constants and other determined coefficients included in
the condition equations are errorless, which is not entirely correct.
Nevertheless, in spite of this shortcoming, the error propagation is still
able to give insight into the precision with which test point positions
can be determined using this particular stereo radar technique.

2.3.7 Computer Programs

Four computer programs were prepared to accomplish the radar
data reduction. Brief descriptions of these programs are given:

Program 1: This computer program defines the flight path, and deter-
mines the radar air station positions for the known control .
points using the zero-Doppler condition. It also computes
the slant ranges for the control points. The mathematical
analysis for the program is described in Sections 2.3.1
and 2.3.2. The program has the option of defining the
zero-Doppler line normal to the flight path or normal to
the ground track.

Program 2: This is the slant range calibration program. 1In accordance
with the mathematical analysis given in Section 2.3.3,
this program uses the method of least squares to find the
slant range calibration parameters. The program allows for
processing all radar records separately or together. Com-
putation of slant range residuals is included.

Program 3: This program performs the "time" correlation described in
Section 2.3.4. Specifically, it computes least squares
estimates of the time polynomial coeffi~ients from control
point data.

Program 4: This is the intersection program. In accordance with the v
analysis outlined in Section 2.3.5, this program computes,
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by intersection, the positions of the test points on the
ground., The program has the option of defining the zero-
Doppler line normal to the flight path or normal to the
ground track. A least squares solution, including error
propagation (Section 2.3.6), is used.

All programs were written in FORTRAN IV for the IBM 360/44 computer.

2.4 Radar Mensuration (iask 4)

The sections of radar Strips 3, 4 and 5 of Sortie 08-61, mak-
ing up the two models under consideration (Model I, opposite-side case,
Strips 3 and 4; Model II, same-side case, Strips 3 and 5), were contact
printed onto glass diapositive plates. Under optical magnification, a
number of points (to be used as control and test points) were carefully
selected and marked on each plate for measurement on the Mann comparator.
All points selected were also identifiable on the aerial photography of the
test area. A total of 60 points were selected on Strip 3, 55 on Strip 4,
and 30 on Strip 5. Fewer points were selected on Strip 5 because there
was less detail appearing on that strip. Of the points selected, 49 were
common to Strips 3 and 4, and so could be used for Model I (Figure 8).

All 30 points selected on Strip 5 also appeared on Strip 3, and so could be
used for Model II (Figure 9). Twenty-five points were common to bothk radar
models.

Each image selected for measurement was marked on the Wild PUG
point transfer device by drilling a 50-micrometer (um) hole in the plate
emulsion. Radar Strips 3 and 5 (Model II, same-side case) were viewed
stereoscopically, and 22 of the 30 points selected on Strip 5 were drilled
on that strip in this mode. Extensive effcrts were made to view and mark
points stereoscopically in the opposite-side ~ase (Model I), with unsatis-
factory results. Consequently, the points on Strips 3 and 4 were marked
monoscopically.

A reference line was established on each radar record by drill-
ing two 50-micrometer (m) holes in the plate emulsion at each end of
the test area, along the near edge of the imagery. This reference iine,
constructed as nearly parallel to the edge of the imagery as visual means
allowed, forms the basis of the radar plate coordinate system into which
the comparator measurements are transformed (Figure 5). The along-flight
direction (the reference line itself) defines the artificiai time scale by
which image points can be correlated with radar air station positions. The
axis normal to the (ime axis is taken as the range scale.

Coordinates (x,y) of all radar image points and reference points
were carefully measured on the glass diapositive plates with the Mann com=
parator. The measurements were then transformed to the plate coordinate
system (r,t) defined by the reference points,
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2.5 Aerotriangulation of Photography Flown Simultaneously With
the Radar (Task 5)

Vertical photography, flown simultaneously with the radar
coverage of the test area, was photogrammetrically aerotriangulated to
establish the flight prth of the aircraft (and of the radar) at the time
of flying the radar. Camera station coordinates were determined for each
frame of photngraphy in the three strips selected for the study (Strips
3, 4 and 5 of Sortie 08-61), giving for each strip a set of discrete points
along its flight path.

Ten frames in Strip 3, 9 frames in Strip 4, and 14 frames in
Strip 5 were selected for aerotriangulation. The frames were contact
printed onto film positives, and several points (9-21 per frame) were se-
lected for mensuration and marked. Mensuration was then accomplished on
a Mann precision comparator,

Preprocessing of image coordinates for the aerotriangulation
had to be tailored to accommodate the available camera data, incomplete as
it was. No compensation could be made for film distortion, and a set of
master fiducial mark coordinates had to be artifically deduced from compara-
tor measurements of the three available fiducial marks in order to define
the position of the principal point (Figure 10).

A lens distortion table for the camera (KC-1B, Lens Cone
No. 316) was extracted from U.S. Army Geodesy, Intelligence and Mapping
Research and Development Agency Technical Note 66-2, "The Calibration of
Military Cartographic Cameras", and applied in the preprocessing of plate
measurements. The corresponding calibrated focal length was also obtained
from the same source. In addition, plate coordinates were corrected for
effects of atmospheric refraction.

Ground control used for the aerotriangulation of Strips 3 and
4 was scaled from 1:24,000 USGS quadrangle maps (UTM grid), and that for
Strip 5 was scaled from USGS maps at 1:62,500 scale. Standard deviations
of 12 meters in X and Y and 2 meters in elevation were assigned to the con-
trol for weighting purposes.

The strips were aerotriangulated using a well-established
analytical least squares solution. Data reduction, including error propa-
gation, was performed using Autometric's in-house IBM 360/44 computer.,

The a posteriori variance of unit weight computed from the least squares
solution indicated a standard deviation of 0.040 mm in the measurement of
each image coordinate. This seems to be a reasonable value, considering
the quality of the photography and the incomplete camera calibration data.

The aerotriangulation is briefly summarized in Table 1I. The
triangulated camera station positions are plotted in Figure 11.
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2.6 Aerotriangulation of Photography of Test Area (Task 6)

A single model was selected from Sortie N8-212 photography
(Frame 2334, seventh exposure; and Frame 2336) for photogrammetric aero-
triangulation of test and control points in the test area. The two frames
were contact printed onto glass diapositive plates. The images of all .
points selected on the radar strips in Task 4 were then drilled stereo-
scopically on the plates with the Wild PUG and measured on the Mann compara-
tor. Adcitional points lying outside the test area, b.t within the con-
fines of the photogrammetric model, were selected, drilled, and measured
in order to strengihen the model's geometric solution. A total of 74
image points, plus the 3 fiducial marks, were measured on each plate.

Preprocessing of image coordinates was accomplished in accor-
dance with the approach outlined in Section 2.5. Horizontal and vercical
control was scaled from two USGS quadrangle maps (1:24,000 scale). In
addition to points chosen specifically to control the aerotriangulation,
all points selected in Task 4 which were identifiable on the maps were
scaled and used as control. A total of 31 horizontal and 13 vertical con-
trol puints were used. Standard d:viations of 12 meters in X and Y and 2
meters in Z (elevation) were assigned to the control for weighting purposes.

The 74 points in the model were photogrammetrically aerotri-
angulated using the same analytical least squares solution employved for
the photography flown simultaneously with the radar. Data reduction, in-
cluding error propagation, was performed on Autometric's IBM 360/44 com-
puter. The aerotriangulated positions of the points in the test area are
given in Table II. It is quite apparent from [able II that there is only
modest variation in elevaticn, the range between highest and lowest points
veing 90 meters. :

The a posteriori variance of unit weight, computed from thie
least squares solution, indicated a standard deviation of ¢.040 mm in the
measurement of each image coordinate, in agreement with the value obtained
from the aerotriangulation of the photography flown simultaneously with
the radar. The error propagation yielded standard deviations of 6.8 meters,
6.7 meters and 8.7 meters in the triangnlated X, Y and Z coordinates,
respectively. The fit of the triangulated model to the control scaled
from the topographic maps resulted in RMS (Root Mean Square) discrepancies
of 8.6 meters, 7.3 meters and 7.4 meters in the X, Y and Z-coordinates,
respectively.
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TABLE II. AEROTRIANGULATED POSITIONS OF POINTS IN TEST AREA
\ Elevation Above
Point Type In Radar 1N (Goerdinapes Mean Sea Level
No. (See Code) Model X (meters) Y (meters) Z (meters)
1 A [oll 129472.3 3730313.7 301.1
2 A [o11 727561.3 3731481.3 307 .4
3 A ! [oI1 7129643.2 3731273.8 29446
4 A Io11 729426.8 3731979.3 290 .4
5 A Il 729185.4 ; 3732608.7 282 .4
6 A 1,11 726385.1 ! 3733029.4 300.5
T | A I 12767047 3732582.9 266.6
8 | A 7265581 3732783.9 27846
1 8 | I 712728047 3733179.3 259.2
12 A I 727575.8 f 37333149.8 27842
13 A ! Iyl1 727920.8 i 3733146.0 271.7
14 A | I 7289464.5 ; 3736960.7 253.7
15 A ; I 7230239 373655545 251.0
16 A | I 72709649 3736604.2 245.8
17 A ! I 727316.1 3713716R.7 251 .4
18 A ; I 72631549 i 3737138.48 234.8
19 c | Lol 729334.8 3738427, 242 .4
20 A I 72570640 3738204.0 24244
21 o I 72820540 373414246 241.5
22 . C I 721241.0 37378)2.5 22%.4
23 n ; 1 12657344 3737973.4 2117.2
24 A , I,11 712416645 373348646 28647
25 A Is11 72955542 3733431.5 280548
26 k Io11 726878145 3734009.2 299 .6
21 A I 7271848.0 3739014.1 216,64
28 A I 72638946 37388492.9 236.8
29 A | I 126697.7 37393)07.7 223.1
30 A : | 72759049 3739729.1 2725 .%
31 i I 726939,2 373985 3.4 222.6
32 A I 72124647 3740134.0 237.9
33 A ; | 126331.6 374082643 302.7
34 A | I T24039.5 3740226.7 247.3
35 F ] 1,11 72912643 3740745.1 230.1
56 C | I TORGEEL9 , 373925442 217.6
18 G g Lol 707951 .4 . 3738558,2 234.5
39 A ! [411 712174744 3760549443 263,
43 F i I T28714.8 373419843 2:7.0
44 A (I 726485.5 ! 3734326.8 25849
45 A Is11 727803.9 i 374511643 2590 .4
46 A I T2182%.4 ! 3735990.1 236.3
48 N 11 T3066240 ' 3734971.6 24540
49 B Is11 109356.8 3I736719.6 238.6
() B [ 723599.1 L 373679446 239,72
51 A 11 7299045 | 3736691.8 257.0
53 A I 7T30148.2 ; 3737417045 254 o4
57 G [o11 72887943 3740230.6 24443
58 £ I 730103.1 3740607.5 260.6
59 D I 730682.9 3740541.0 248 .1
61 A [,11 7128650.9 37408013.5 250.6
62 A IoI1 728345.9 37406173.6 255.6
63 r Io11 T2RH00.9 3740199.3 236.2
64 A Ioll T2H330.5 3739990.5 2346.7
90 A [y11 728457.6 3730973.6 101.7
96 A Ioll 72799447 373442644 271.0
Code: Road Intersection E Point of Trees

Fuilding Corner G Cupola on Building

A

B Point of Land in Lake F Wooded Fence Corner

C

D Intersection of Road and Drainage Feature |
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2.7 Radar Data Processing (Task 7)
2.7.1 Preliminary Stereo Radar Test Runs

Since the quality of the test material was less than orig-
inally anticipated, and lack of certain data required adoption of a
special approach for radar data processing, there was considerable
doubt that test point positions determined by stereo radar intersection
under these conditions would be meaningful. With this uncercainty
associated with the Project, it was decided to make preliminary stereo
radar test runs as soon as possible in order to verify the adopted data
reduction procedure and determine the order of d4ccuracy which might be
expected in the radar intersected test point positions. The preliminary
results could also be used as a basis for decidiug whether or not to
continue with the project,

Five preliminary runs were first made for Stereo Radar Model I
(opposite-side case). The runs varied with respect to the number of
terms used in the slant range and time polynomials, and with respect
to the number of ground points used for control. The runs revealed
that the quadratic term could be dropped from the slant range polynomial
without any significant loss in accuracy, and the number of control
points could be reduced considerably with very little loss in accuracy.
Most important, ‘owever, was the encouraging reveiation that the data
reduction procedure worked and the general level of accuracy of the
radar intersected test point positions was surprisingly good. Comparison
of the radar intersected test point positions with corresponding aero-
triangulated positions resulted in RMS (Root Mean Square) discrepancies
which varied from 7.6 to 9.6 meters in X, 9.8 to 20.1 meters in Y,
and 11.0 to 19.3 meters in Z.

A sixth preliminary run was made for Stereo Radar Model II
(same~side case), with resulting RMS of discrepancies for the test
points of 13.0 meters in X, 12.9 meters in Y, and 20.1 meters in Z.

These initial results were reviewed by Government representatives
on January 30, 1970. It was felt that the results were sufficiently
encouraging to warrant continuation of the project to completion.

Additional preliminary runs for both stereo radar models were
made to check the accuracy using very few cortrol points, and to edit
out any bad data. The accuracy held up remarkably well when very few
control points were used, and only four points exhibited gross discrep-
ancies in one or more of their coordinates. Three of the bad points
(#27, #61, and #90) appeared in Model I; two of the points (#58 and #90)
were in Model II. ‘hese points were rejected from further consideration,
leaving 46 points in Model I and 28 points in Model II for control and
testing.

The stage was now set for organizing a series of final test
runs.
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2.7.2 Final Stereo Radar Test Runs

The final stereo radar test runs were organized for the
purpose of revealing the effects, if any, of variation in the reduction
technique, variation in control point configuration, and variation in
radar image coordinate weighting.

Variation in the reduction technique was made with respect
to definition of the radar flight path, evaluation of the Bgp-coefficient
in the slant range calibration, and definition of the zero-Doppler line.
The radar flight path for each strip was defined either by a set of
line segments connecting successive camera stations, as given in
Section 2.3.1, or by a single straight line between the first and
iast camera stations. The slant range calibration was based upon
whether the Bgpr-coefficient, appearing in Equation (7) (Section 2.3.3),
was determined separately for each record, or from all three records
combined. (The Cggp-coefficient was dropped from the polynomial in
accordance with results of the preliminary test runs which indicated
that the quadratic term was unnecessary). The zero-Doppler line was
defined either normal to the flight path, as it should be, or normal
to the ground track, as a simplified model might have it.

Four distinct control point configurations, shown in Figure 12,
were employed in the final test runs. Basically, 14 points, distributed
fairly evenly over the test srea, were selected as the control points
for both stereo radar modelc (Model I: Opposite-side case; and Model II:
Same-side case). In Configuration (A), all 14 points were used to
calibrate slant range and correlate "time". 1In Configuration (B), all
14 points were again used for the slant range calibration, but only 2
of these points, one near each end of the test area, were used to corre-
late "time". In Configuration (C), only 7 of the points were used for
the slant range calibration and the "time" correlation. Three points
were selected at each end of the test area, and the 7th point was located
near the middle of the area. In Configuration (D), only 4 points, two
at each end of the test area, were used to calibrate slant range, while
2 of these points (the same 2 used in Configuration (3)) were used to
correlate "time".

For the most part, weighting of the radar image coordinates,
Ry and Tr, was uniform; that is, a standard deviation of 0.050 mm was
assigned to each Ry and to each T;. For one test run, however, Ry
was heavily weighted (assigned standard deviation = 0.0001 mm), while
the weight of Ty remained unchanged (0.050 mm); for another test run,
T1 was heavily weighted, while the weight of Ry remained unchanged.

The series of final stereo radar test runs is comprised of 11
runs for each of Stereo Radar Models I and II. The parameters for each
of the 11 runs are listed in Table III.

Since 14 points were selected for control, 32 points remained
in Model I and 14 points remained in Model II as test points.,

The computer programs 1 through 4, described in Section 2.3.7,
were used in sequence to process the series of test runs. Then, for
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cach tevt run, the final radar intersected positions of the test points

were compared with the corresponding aerotriangulated positions (Table 11),

and the RMS discrepancies were computed for each of the three coordinates, ,
X(across-track), Y(along-track), and Z(elevation). The RMS values are

documented l:cter in Section 2.8. '

2.7.3 Fit of Radar Records to Ground Points

In addition to determining planimetric position and elevation
from a pair of radar records using stereo radar techniques, it is also
possible to determine planimetric position, but not elevation, directly
from a single record. This approach is, of course, not as rigorous
as the stereo radar approach, since it does not account for the effeccs
of relief displacement. However, in view of the modest relief actually
exhibited in the selected test area (about 90 meters maximum), it was
felt that relief displacement would not be very detrimental.

Essentially, what is done is to fit the radar record to the
aerotriangulated positions using a coordinate transformation. If
the radar record is indeed a faithful geometrical representation, in
plan, of the terrain it is recording, then a good fit should result.
Otherwise, large residuals will occur at the fitted points.

Since the radar records for this pProject are presented in slant
range, conversion to ground range presentation is necessary before a
faithful planimetric representation of the terrain can be obtained.
Ground ranges were computed using the following equation:

1
A 2 212
GR, = E‘i& +R ) - EH— . (16)
SR SR

In Equation (16), GR, is the ground range presentation at image scale;

R is the plate coorginate, as computed from Equation (5), Section 2.3.3;
H is the flying height above terrain, given by the aerotriangulation of
the photography flown simultaneously with the radar; and Agp and Bgy

are parameters of the slant range calibration polynomial (Equation (7)

in Section 2.3.3),

Although the slant range presentation is not really a faithful
planimetric representation of the terrain, it was decided to include
fitting the slant range presentation to the ground control anyway to
see how much it affected the fit. Hence, both ground range and slant
range presentations are fitted.

Two different coordinate transformations were used for fitting
the data. The first transformation is given by Equation (17):

XI cos ¢ sin ¢ R K, J
= A + 3 (17)
YI =sin ¢ cos ¢ TI K,
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This is a 4-parameter transformation; the 4 parameters are an overall
scale factor, A, a rotation, ¢, and two translation constants,K; and K,.
Ri and Ty are the plate coordinates of the radar image of point I, as
computed from Equations (5) and (6), respectively; and X1 and Y] are

the across-track and along-track ground coordinates, respectively.

The second transformation which was used is a 6-parameter
transformation, given by Equation (18):

XI cos ¢ sin ¢ AR 0 1 sinn {kl—] K,
= | + (18) .
YI -sin ¢ cos ¢ || O AT- 0 cosn L?I_] K,

In this transformation, two distinct scale factors, A, and A, are
employed for scaling R and Ty, respectively; and a s%xth parameter, n,
accounts for non-orthogonality of the R; and T; axes.

All ground points measured in each radar record and used in
the stereo radar test runs were used for fitting the recnrd to the
aerotriangulated positions. Specifically, 52 ground points were used
to fit Strip 3 to the aerotriangulated positions, 46 ground points were
used to fit Strip 4, and 28 ground points were used to fit Strip 5.

Altogether, four runs were made for each radar strip. Table IV
indicates what was done for each run.

TABLE IV. FIT OF RADAR RECORDS TO GROUND POINTS

Run Presentation of Type of

No. Radar Imagery Transformation
1 Uncorrected Slant Range 4-Parameter
2 Uncorrected Slant Range 6-Parameter
3 Corrected to Ground Range 4-Parameter
4 Corrected to Ground Range 6-Parameter

In each case, the residuals at the ground points were deter-
mined, and RMS values for X and Y were computed from the residuals. The
RMS values are shown in Table X, Section 2.8.2.

2.8 Analysis of Results (Task 8)

2.8.1 Topographic Accuracy of Stereo Radar

The results of the final stereo radar test runs, the parameters
of which are indicated in Table III, are given in Table V. These results
consist of RMS values in X, Y and Z for each of the two stereo radar
models, computed from discrepancies between the radar determined positions
and corresponding aerotriangulated positions. For Stereo Radar Model I,
the RMS values are based upon 32 test points; for Stereo Radar Model 11,
the RMS values are based upon 14 test points.
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TABLE V. RESULTS OF THE FINAL STEREO RADAR TEST RUNS

RMS Values
Run Model I: Opposite-side case Model I1: Same-side case
No . X{(m) Y (m) Z(m) X (m) Y (m) Z(m)
1 11.9 10.0 14.7 10.6 14.7 14.1
2 9.5 9.9 11.0 11.3 14.7 11.8
3 7.4 11.8 13.9 9.0 21.4 16.2
4 7.3 11.8 12.3 8.9 21.5 15.4
5 7.3 11.8 12.3 8.7 21.5 13.5
6 7.3 13.4 12.3 8.9 21.2 15.3
7 6.3 14.1 13.8 8.8 21.8 20.2
8 6.5 13.3 14.8 10.6 21.1 24.8
9 6.5 13.3 14.9 9.9 21.1 22.5
10 7.3 11.8 12.3 8.7 21.4 13.4
11 663.6 9.9 2684.7 1302.1 50.2 3449.9 :
Average
Values 7.7 12.1 13.2 9.5 20.0 16.7
(Runs
1-10)
Note: (1) Average RMS values are computed from Runs 1-10,

(2) X is in the across-track direction, Y is in the

along-track direction, and Z is elevation.
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Except for Run 11, the results are very good and very encour-
aging, particularly when a considerable portion of the error indicated
by these RMS values might be attributed to the standard for comparison
(the aerotriangulated positions exhibit RMS errors of 8.6 meters,

7.3 meters, and 7.4 meters in X, Y and Z, respectively, when compared
with corresponding map-scaled positions). Average values, representative
of the results and computed from all test runs except No. 11, are in-
cluded at the bottom of Table V. From these averages, two very general
remarks can be made:

(1) Model I (Opposite-side case) provides greater accuracy
than Model II (Same-side case), particularly in Y,
the along-track coordinate.

(2) The X (across-track) coordinate is determined with
greater accuracy than the Y and Z coordinates for
both Models I and II.

The discrepancies in planimetry for Run 4 are plotted in
vector form in Figures 13 (Model I) and 14 (Model II). These figures
show how the discrepancies are distributed over the test area, in
planimetry at least. It is apparent from these plotted discrepancies
that certain systematic effects are present. An attempt was made to
ascertain the cause or causes of the systematic effects, but it was
without success.

In order to demonstrate the effects, if any, of processing
the data under different conditions, the test runs are re—-grouped into
four specific sequences. The first sequence (Runs 1, 2, 3 and 4) at-
tempts to show the effects of varying the reduction technique in two
ways:

(1) The flight path is defined by a set of line segments
connecting successive camera air stations, as
described in Section 2.3.1; or it is defined as one
straight. line between the first and last stations.

(2) The Bgg-coefficient of the slant range calibration
polynomial (Equation (7)) is evaluated separately
for each radar pass (3, 4 or 5); or it is evaluated
only once using data from all 3 passes combined.

For convenience in making comparisons, the results of this sequence
of runs are repeated in Table VI. All parameters other than those under
investigation are held fixed (See "Note" under Table VI).

The second sequence (Runs 4, 5, 8 and 9) is designed to show
the effect of varying the reduction fte ‘nique with respect to how the
zero-Doppler line is defined; that i# normal to the flight path, or
normal to the ground track. The results of this sequence are repeated
in Table VII. Tests were made using two different ground control
configurations,A and D, Figure 12.
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TABLE VI.

TOPCGRAPHIC ACCURACY OF STEREO RADAR:
FLIGHT PATH DEFINITION AND B

S

EFFECT OF
R-COEFFICIENT EVALUATION

RMS VALUES

Run Flight Evaluation| Model I: Opposite-side Jj Model II: Same-side

No. Path of Bgp X(m) Y (m) Z(m) || X(m) | Y(m) Z(m)

1 Segmented| Separate | 11.9 10.0 14.7 | 10.6 | 14.7 14.1

2 Segmented Combined 9.5 9.9 11.0] 11.3 14.7 11.8

3. ['BEraight | o rare | 7.4 11.8 13.9]] 9.0 | 21.4 | 16.2
Line

“ St{‘?lgh" Combined | 7.3 11.8 12.3) 8.9 | 21.5 | 15.4
ine

Note: (1) All runs in this table use ground control

configuration A (14 points for slant range

calibration and for time correlation),

(2) The zero-Doppler line is defined normal to

the flight path.
3) RI and T; are equally weighted.
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TABLE VII. TOPOGRAPHIC ACCURACY OF STEREO RADAR:
EFFECT OF ZERO-DOPPLER LINE DEFINITION

RMS Values

Zero~Doppler Ground

Run Line Normal Control Model I:Opposite-side|Model IT:Same-side

No. To Configuration|X(m) Y (m) Zm) |X(m) T Y(m) [ Z(m)
4 Flight Path A 7.3 11.8 12.3] 8.9 | 21.5 | 15,4
5 Ground Track A 7.3 11.8 12.3] 8.7 | 21.5 13.5I
8 Flight Path D 6.5 13 3 14.8110.6 | 21.1 | 24.8
9 Ground Track D 6.5 13.3 14.91 9.9 | 21.1 |22.5

Note: (1) Grourd control configuration A uses 14 points
for slant range calibration and time correlation;
configuration D uses 4 points for slant range
calibration and 2 for time correlation.

(2) For all runs in this table, the flight path
is defined as a straight line, and BSR is
evaluated from all 3 records combined.

(3) RI and TI are equally weighted.
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The third sequence (Runs 4, 6, 7 and 8), repeated in Table VIII,
shows the effect of using the different ground control configurations
A, B, C and D(See Figure 12), while holding all other parameters con- :
stant.

The fourth, and final, sequence (Runs 4, 10 and 11), repeated
in Table IX, shows the effect of image coordinate weighting. Again,
all parameters other than those under investigation are held fixed.

It is quite evident from the RMS values listed in Tables VI,
VIT and VIII that no drastic changes in accuracy take place with
respect to the variations made in the reduction technique and in the
ground control configuration. This, perhaps, should not be too sur-
prising so long as the aircraft flies a straight and level course, the
radar equipment remains stable in its image presentation, and the test
area is relatively small--conditions which are either true (the test
area is indeed small) or very probable.

Nevertheless, there are indications in the tables that the
accuracy responds, in part, to some of the changes. For example,
Table VI shows that segmentation of the flight path tends to decrease
the accuracy of the X-coordinate while improving the accuracy of the
Y-coordinate, particularly in Model II; and that the accuracy of the
Z-coordinate tends to imrrove when all 3 radar records are combined
to evaluate the BSR—coefficient. Also, Table VIII shows that the
accuracy of the Z-coordinate in Model II decreases as fewer ground
control points are used for slant range calibration.

Notwithstanding the relative smallness of the test area used
in this sfudy, it is still heartening to observe in Table VIII that the
few ground points used in Configuration D do about as good a job for
Radar Mode’l T as all 14 points used in Contiguration A, and it is only
in the Z-coordinate of Medel II that any deterioration in accuracy takes
place. Indeed, it seems remarkable that such accuracy as indicated for
Run 8 has been achieved by using only 4 .outrol points, particularly
when much of the error could be attributed to the aerotriangulated
positions used as the standard for comparison.

It is quite obvious from Table IX that “eavily weighting the
R; image coordinate has very little esfect, if any, on accuracy, rerhaps
a slight improvement in the Z-coordinate of Model 1I. On the other
hand, heavily weighting the T; imag. »Hordinate is disastrous. This
severe loss of accuracy results fr. -nforcing the intersection of the
two zero-Doppler lines (which lie ir uear-parallel planes) at the
expense of the relatively well-determined slant ranges. Actually,
there is no good reason in evidence at this time to weight the R; and
T1 image coordinates unequally. Hence, the Run 11 results, although
interesting, are of little consequence.

2.8.2 Geometiic Analysis

The results of fitting the separate radar records to the aerc-
triangulated positions, as described in Section 2.7.3, are given in
Table X. The first portion of this table repeats the information already
given in Table IV.
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TABLE IX. TOPOGRAPHIC ACCURACY OF STEREO RADAR:
EFFECT OF IMAGE COORDINATE WEIGHTING

Weights of Image RMS Values
Szn Co;rd;::t;s Model I: Opposite-side| Model II: Same-side
' I I X(m) Y(m) Z(m) | X(m) Y (m) Z(m)
4 Equal 7.3 11.8 12.3 8.9 21.5 15.4
10 RI heavily weighted| 7.3 11.8 12.3 8.7 21.4 13.4
11 TI heavily we'; » - d|663.6 9.9 [2684.71302.1] 50.2 |3449.9

Note: For all runs in this table, the flight path
is defined as a straight line, the B__ ~-coefficient
is evaluated from all 3 records combined, the zero-
Doppler line is defined normal to the flight path,
and ground control configuration A is used.
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TABLE X. RESULTS OF FITTING RADAR RECORDS TO GROUND POINTS

RMS Values
Type
Run Presentation of of Strip 3 Strip 4 Strip 5
No. Radar Imagery Transformation
X(m) |Y(m) | X(m) |Y(m) |X(m) | Y(m)
1 Uncorrected Slant 4-parameter |198.2(59.7| 118.6|47.7 |27.8 34.3
Range
2 Uncorrected Slant 6-parameter | 24.9!12.4| 15.4|20.0 |10.0 29.4
Range
3 Corrected to 4-parameter | 17.7|14.3| 14.8(20.3 [11.3 34.6
Ground Range
4 Corrected to 6-parameter | 16.1]12.4| 13.5(20.0 |10.1 29.4
Ground Range
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As might be expected, Table X indicates a very poor fit of the
radar imagery to the aerotriangulated positions when uncorrected slant
ranges and a 4-parameter transformation are used, particularly in the
X (across-track, or slant range) direction for Strips 3 and 4. For Strip
5, the fit in X is much better, reflecting the closer agreement batween
slant range and ground range at the greater offset distance (18.4 NM,
as compared to 6.6 NM and 9.2 NM for Strips 3 and 4, respectively).

Table X also shows that the fit is tremendously improved when
a b-parameter transformation is employed, even when slant ranges remain
uncorrected. This improvement takes place because the 6-parameter trans-
formation can accommodate, in an average sense, the difference in scale
in X between slant range and ground range, while at the same time inde-
pendently fitting to the "time'" scale in Y. The ability of the 6-parameter
transformation to account for non-orthogonality of coordinate axes may
also contribute to the improvement.

For Strip 5, use of a 6-parameter transformation with uncorrected
slant ranges results in a fit every bit as good as the one using corrected
ground ranges, reflecting the very small change in slant range scale with
respect to ground range at the large (18.4 NM) offset distance.

Quite naturally, Table X indicates considerable improvement in
the fit after slant range measurements are corrected to ground ranges.
This is as it should be, because the fit is made to ground control
points which have essentially a '"ground range presentation'. As might
be expected, correction to ground range combined with a 6-parameter trans-
formation gives the best fit of all.

Understandably, the RMS values in X obtained from geometric
fits of the separate radar records to ground control are not as small
as their stereo radar model counterparts, although, quite honestly,
they are not that much worse, particularly after correction is first
made to ground range. As mentioned before, the larger RMS values result
from the effects of relief displacement. Since only modest relief is
present in the test area, the effects are very small.

It is interesting to observe in Runs 2, 3 and 4 of Table X
that although the RMS in Y increases with increasing offset distance
(offset distances, as already indicated in Table I, are 6.6 NM, 9.2 NM,
and 18.4 NM for Strips 3, 4 and 5, respectively) the RMS in X actually
decreases. This seems to reflect the decreasing influence of relief
displacement on X as the offset distance increases, while at the same
time suggesting that the acauracy of slant range measurement is in-
dependent of offset distance.

The discrepancies at the individual points are plotted in
vector form in Figures 15, 16 and 17 for Strips 3, 4 and 5, respectively.
It is clear from these figures that certain systematic effects are
exerting influence. However, as with the discrepancies plotted in
Figures 13 and 14, attempts to determine the source or sources of the
systematic effects were unsuccessful.
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2.8.3 Slant Range Analysis

The primary function of side-looking radar is to measure slant
range. It is of interest, therefore, to check how well this function
is being performed.

Slant range calibration curves for a representative test run,
Run 4, are plotted in Figure 18. For this run, l4 control points were
used for the slant range calibration. Similar, almost identical,
graphs can also be plotted for the other test runs. Figure 18 clearly
shows the linear relationship between the image coordinate, E1, and the
slant range, indicating a geometrically undistorted presentation of slant
range across the radar record, and justifying omission of the quadratic
term in the calibration polynomial. Figure 18 also shows the constancy
of slope from one record to the next, indicating stability of the radar
in recording slant range, and justifying computation of one slope term
(the Bgp-coefficient) for all three records.

The small, almost imperceptible, departures of the plotted
points from the straight lines fitted through them demonstrate the high
degree of accuracy which can be achieved in the calibration. RMS values

computed from the departures, or residuals, obtained for Test Run 4

are:
Strip 3: b.4 meters
Strip 4: 13.0 meters .
Strip 5: 5.9 meters.

These values are based upon all 14 control points. The other test runs
using the same 14 control points for slant range calibration yield
essentially the same results. Test runs using fewer control points ex-
hibit much smaller RMS values. However, these smaller values probably
resulted from the fewer degrees of freedom in fitting the curves, and
SO are not given as much credence as the values listed above.

The RMS vezlues for Strips 3 and 5 seem to agree with each other,
and are quite reasonable in light of the accuracies obtained for the
radar determined positions, Table V. These two nearly equal values
also suggest that slant range accuracy is independent of distance, since
the offset distances for Strips 3 and 5 are 6.6 NM and 18.4 NM, respec-
tively. On the other hand, the RMS value for Strip 4 seems excessive,
and without any apparent reason. Certainly, radar image quality cannot "
be blamed, for, in this respect, Strip 4 is best.

2.8.4 Error Propagation Results

The error propagation procedure, described triefly in Section
2.3.6, was used to compute standard deviations in X, . and Z for each
test point position determined by stereo radar intersection. The error
propagation was based upon a standard deviation of 0.050 mm assigned
to each radar image coordinate. The standard deviations were averaged
so as to provide measures of precision which would be typical of the
entire test area. These averaged walues are given in Table XI.

%
7
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TABLE XI. STEREO RADAR TEST POINT PRECISION

Stereo Radar Model Averaged Standard Deviations '
Ty (m) 0y (m) y (m)
Model 1I: Opposite-side case| 6.3 5.3 9.2
Model II: Same-side case 13.6 5.3 26.5
2.8.5 Applicability of Stereo Radar to Topographic Mapping

Of prime concern in this project is the applicability of the
AN/APQ-102 (XA-2) side-looking radar to 1:50,000 and 1:250,000 scale topo-
graphic mapping, particularly from the standpoint of accuracy. The
standards of accuracy for military maps are given in AMS Technical

Manual S-1, "Specifications for Military Maps". The standards covering
1:50,000 and 1:250,000 scale topographic maps are repeated herein for
convenience.

(1) Class A Maps

(a) Horizontal accuracy: 90% of all planimetric features, except
those unavoidably displaced by exaggerated size of symbols,
are located within 0.02 inch of their geographical position
as referred to the map projection.

(b) Vertical accuracy: 90% of all contours and of all elevations .
of points interpolated from contours are accurate to within
half the basic contour interval.

(2) Class B Mags ,
Maps that fail to meet the standards of accuracy for Class A, but
meet the following standards:

(a) Horizontal accuracy: 90% of all planimetric features, except
those unavoidably displaced by exaggerated size of symbols, are
located within 0.04 inch of their geographic position as referred
to the map projection.

(b) Vertical accuracy: 90% of all contours and of all elevations
of points interpolated from contours are accurate to within one
contour interval.

(3) Class C-1 Maps
Maps that fail to meet the standards of accuracy for Class B, but
meet the following standards:

(a) Horizontal accurscy: 90% of all planimetric features shown,
except those unavoidably displaced by exaggerated size of symbols,
are located within 0.08 inch of their geographical position as
referred to the map projection.

(b) Vertical Accuracy: 90% of all contours and of all elevations
of points interpolated from contours are accurate to within two
contour intervals.

(4) Class C-2 Maps 5
Maps that fail to meet the standards of accuracy for Class C-1, but
must be retained to fill possible emergency needs, pending replace-
ment,
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Applying these standards specifically to 1:50,000 and 1:250,000
scale topographic maps yields the accuracy requirements, in meters, iisted

in Tables XII and XIII.

Three stereo radar test runs, yielding overall "best", "average",
and 'worst" accuracies, respectively, were selected from Table V for com-

parison with the standards of accuracy. Test Run 2, the "best", uses a
segmented flight path, 14 control points for slant range calibration and

time
path.

correlation, and a zero-Doppler line defined normal to the flight
Test Run 4, the "average", uses a straight line flight path;

otherwise, it is the same as Test Run 2. Test Run 9, the "worst" (Test
Run 11 was excluded from consideration), uses a straight line flight
path, only 4 control points for slant range calibration and 2 for time
correlation, and a zero-Doppler line normal to the ground track.

The planimetric errors of the test points were computed from

their X and Y components. The percentages of points lying within the
standards of horizontal accuracy for Class A and Class B 1:50,000 scale
maps, Table XII, were computed for all 3 test runs, and for both stereo
radar models. These percentages are listed in Table XIV.

The percentages of points lying within the standards of vertical

accuracy for Class A, B and C-1 1:50,000 and 1:250,000 scale maps,
Tables XII and XIII, were also computed. These percentages are also
listed in Table XIV.

In each instance, the first percentage equal to or exceeding

90% is underlined in Table XIV. From these data, the following state-

ments
(1)
(2)

(3)

(4)

(5)
(6)

are made:

Stereo Radar Model I yields sufficient horizontal accuracy for
Class A mapping at 1:50,000 scale.

Stereo Radar Model II yields sufficient horizontal accuracy for
Class B mapping at 1:50,000 scale, or for Class A mapping at
1:250,000 scale.

Stereo Radar Model I yields sufficient vertical accuracy for
Class B mapping at 1:50,000 scale with 20-meter contours, or

for Class C-1 mapping at 1:50,000 scale with 10-meter contours,
provided ample control is available.

Stereo Radar Model I yields sufficient vertical accuracy for
Class A mapping at 1:250,000 scale with 50-meter contours, or
for Class B mapping at 1:250,000 scale with 25-meter contours.
Stereo Radar Model II yields sufficient vertical accuracy only
for Class C-1 mapping at 1:50,000 scale with 20-meter contours.
Stereo Radar Model II yields sufficient vertical accuracy for
Class A mapping at 1:250,000 scale with 50-meter contours, or
for Class B mapping at 1:250,000 scale with 25-meter contours,
only under the "best" conditions of Test Run 2. Otherwise, Model II
can be used only for Class A mapping with 100-meter contours, or
for Class B mapping with 50-meter contours, or for Class C-1 mapping
with 25-meter contours.
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TABLE XII. SPECIFIC STANDARDS OF ACCURACY FOR 1:50,000
SCALE TOPOGRAPHIC MAPS
Vertical Accuracy (90% Standard)
Hozégzn;iingzsziacy Contour Interval

5 meters 10 meters 20 meters
Class A Maps 25.4 m, 2.5 m. 5.0 m. 10.0 m.
Class B Maps 50.8 m. 5.0 m. 10.0 m. 20.0 m.
Class C-1 Maps 101.6 m. 10.0 m. 20.0 m. 40,0 m.

TABLE XIITI,

SPECIFIC STANDARDS OF ACCURACY FOR 1:250,000
SCALE TOPOGRAPHIC MAPS

Vertical Accuracy (90% Standard)
Horizontal Accuracy

(90% Standard)

)
Contour Interval

25 meters 50 meters |100 meters
Class A Maps 127 m. 12.5 m. 25 m. 50 m,
Class B Maps 254 m. 25 m., 50 m, 100 m.
Class C-1 Mans 508 m. 50 m. 100 m. 200 m.

A

|
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There is little doubt that the stereo radar, particularly Model I,
provides sufficient horizontal accuracy for 1:50,000 and 1:250,000 scale
mapping. It is the vertical accuracy which is apparently insufficient in ,
certain cases, and is therefore the controlling factor. In order to por-
tray more graphically what has been said in statements (3) through (6)
with respect to vertical accuracy, Tables XV and XVI have been prepared.

Statements (3) through (6), and the accompanying information
in Tables XV and XVI, should be accepted with caution, bearing in mind
the following qualifications:

(1) Th» vertical accuracies obtained in the test runs
are with respect to well-identified points, measured
individually; that is, the points are not interpola-
ted from map contours, as the mapping specifications
prescribe.

(2} Comparison was made with aerotriangulated positions
which are not entirely error-free themselves,

Part of the error assigned to the radar determined
positions can thus be atiributed to error in the
accuracy standard against which comparison was made.

(3) The test area has only modest relief; that is, the
testing was done only with moderately hilly terrain,
certainly not with mountainous terrain.

The preceding qualifications notwithstanding, the results which

have been obtained in this study are very heartening, for they clearly :
demonstrate a degree of geometrical fidelity in the AN/APQ-102(XA-2)

radar that offers much promise for application to 1:50,000 and 1:250,000 b
scale topographic mapping. ’
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TABLE XV. SUITABILITY OF STEREO RADAR FOR 1:50,000
SCALE TOPOGRAPHIC MAPPING

Contour Interval
5 meters 10 meters 20 meters
Class A Maps - - =
Class B Maps - - I*
Class C-1 Maps B I* I, II
I*; Sterco Radar Model I is suitable, only when ample

control is available.
I,I1: Stereo Radar Models I and II are suitable.

TABLE XVI. SUITABILITY OF STEREO RADAR FOR 1:250,000
SCALE TOPOGRAPHIC MAPPING

Contour Interval ]

25 meters 50 meters 100 meters
Class A Maps : - I,IT1* I,II
Class B Maps I,II* I,1I I,II
Class C-1 Maps I,1I I,11 I,II

I,11*: Stereo Radar Model I is suitable; Model II is
suitable only under 'best" conditions.
I,II: Stereo Radar Models I and II are suitable.
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DISCUSSION

Bsl Test liaterial

No particular problems were encountered in sorting out the test
material., The lack of any kind of indexing for the vertical nhotography
did, however, make the job of identifying the imagery by strij a tedious
one. During the inspection, some of the data were disqualified from
consideration as test material:

a) Vertical photography of Strips 1 and 2 for b